INTRODUCTION 1
Clostridium kluyveri is unique in fermenting ethanol and acetate to 2 butyrate, caproate and H 2 (reaction 1) and in deriving a large portion (30%) of 3 its cell carbon from CO 2 . Both the energy metabolism and the pathways of 4 biosynthesis have therefore been the subject of many investigations (for 5 literature see 12, 27). The novel coupling mechanism (reactions 2 and 3) allowed for the first 15 time to formulate a metabolic scheme for the ethanol-acetate fermentation 16 that could account for the observed fermentation products and growth yields, 17 and thus for the observed ATP gains (27) CoA dehydrogenase (16) considering the fact that in the oxidative part of the 21 fermentation (ethanol oxidation to acetyl-CoA) only NADH is generated (8, 9, 22 13). 
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Heterologous expression of nfnAB, of nfnA and of nfnB. The 1 genes were amplified by polymerase chain reaction (PCR) with high-fidelity 2 Phusion DNA polymerase (New England Biolabs GmbH, Frankfurt, Germany) 3 using C. kluyveri genomic DNA as a template. The genes were expressed 4 either together or individually where indicated tagged with a 3´or 5´his 6 5 cassette. 6 nfnAB without a his 6 -cassette. The following primers were used: 5'-7 GGGTGCATATGATGTATAAAATTGTAGACAAACAAGCTC-3' (the NdeI 8 restriction site is underlined, forward primer) and 5'-9 CTAGAACTCGAGTTATTTCTTGCTTAAGTACTCATCTATAGC-3' (the XhoI 10 restriction site is underlined, reverse primer). The blunt PCR product was 11 ligated into pCR ® Blunt vector (Invitrogen, Karlsruhe, Germany), which was 12 subsequently transformed into TOP10. After amplification, the construct was 13 digested by NdeI and XhoI, and the target fragment was ligated into 14 expression vector pET24b(+), which has been digested by the same 15 restriction endonucleases. The new construct was introduced into TOP10 16 again, and verified by DNA sequencing. Then it was transformed into E. coli 17 BL21 (DE3) for expression. 18 nfnAB with a nfnA 5´ his 6 -cassette. The following primers were used: 5'-19 CACCATGTATAAAATTGTAGAC-3' (forward, CACC was used for directional 20 cloning) and 5'-TTATTTCTTGCTTAAGTACTC-3' (reverse). The PCR product 21 was cloned into pET200/D-TOPO (Invitrogen), and the construct was cloning nfnAB without a his 6 -cassette except using a different reverse primer: 2 5'-CTAGAACTCGAGTTTCTTGCTTAAGTACTCATCTATAGC-3' (XhoI 3 restriction site is underlined). 4 nfnAB with both a nfnA 5´ his 6 -cassette and a nfnB 3´ his 6 -cassette. 5
The procedure was same as for cloning nfnAB without a his 6 -cassette except 6 using different primers and a different expression vector. The forward primer 7 used was 5' GGGTGCATATGATGTATAAAATTGTAGAC-AAACAAGCTC-3' 8 (the NdeI restriction site is underlined) and the reverse primer was the same 9 as for cloning nfnAB with an nfnB 3´ his 6 -cassette. The expression vector was 10 pET28b(+). 11 nfnA with a 5´ his 6 -cassette: The procedure was same as for cloning 12 nfnAB with an nfnA 5´ his 6 -cassette except using a different reverse primer: 13 5'-TTATTTGTCACCTCCGCA-3'. 14 nfnB with a 5´ his 6 -cassette: The procedure was the same as for cloning 15 nfnAB with an nfnA 5´ his 6 -cassette except using a different forward primer: 16 5'-CACCATGGCTGTAGATAGAATG-3' (CACC was used for directional 17 cloning). 18
For expression, the cells were aerobically grown in 2-liter tryptone-19 phosphate medium at 37°C and high stirring speed (750 rpm). When OD 600nm 20 of about 2.2 was reached the temperature was lowered to room temperature 21 and the stirring speed lowered to 250 rpm. Concomitantly, the culture was performed under strictly anoxic conditions. The E. coli cells were re-7 suspended in buffer A (50 mM NaH 2 PO 4 , 300 mM NaCl, 10 mM imidazole pH 8 8.0) and disrupted by sonication (32 W for 6 times 6 min). Cell debris were 9 removed by centrifugation at 40,000 × g and 4°C for 30 min. The supernatant 10 was applied on a 30-ml Ni-NTA Superflow column (QIAGEN, Hilden, 11 Germany). The recombinant protein was eluted with buffer B (50 mM 12 NaH 2 PO 4 , 300 mM NaCl, 250 mM imidazole, pH 8.0) in a programmed 13 gradient (90 ml 10 mM, 60 ml 25 mM, 90 ml 35 mM, and 150 ml 35 mM to 250 14 mM linear gradient). The purified protein was concentrated by ultrafiltration, ). One unit was defined as the reduction of 1 µmol ferredoxin per minute. 7
Benzyl viologen reduction with NADPH or NADH. When NADPH was 8 used as electron donor, the basal reaction mixture was supplemented with 9 NADPH-regenerating system and 1 mM benzyl viologen. When NADH was 10 used as electron donor, the basal reaction mixture was supplemented with 1 11 mM NADH and 1 mM benzyl viologen. N 2 was the gas phase. The reaction 12 was started with enzyme and benzyl viologen reduction followed 13 photometrically at 578 nm (ε=7.8 mM
). One unit was defined as the 14 reduction of 1 µmol benzyl viologen per minute. 15 H 2 formation. Where indicated ferredoxin reduction was coupled with the 16 hydrogenase reaction and followed by the H 2 formed gas-17 chromatographically. The assays were performed at 37°C in 6.5 ml serum 18 bottles closed with a rubber stopper and containing 0.8 ml reaction mixture 19 with 100 mM MOPS-KOH pH 7.0, 10 mM 2-mercaptoethanol, 12 µM FAD, 30 20 µM ferredoxin, 1 U hydrogenase and 0.27 mg NfnAB as basal components. 21
The 5.7 ml gas phase was N 2 at 1.2 × 10 NfnAB. After start the serum bottles were continuously shaken to secure H 2 3 transfer from the liquid phase into the gas phase. For H 2 determination, 0.1 4 ml-gas samples were withdrawn every 2 minutes and injected into a gas 5 chromatography equipped with a thermal conductivity detector (Carlo Erba 6 GC series 6000) and a ShinCarbon ST micropacked column (100/200 mesh, 7
1.0 mm × 2 m, Restek GmbH, Germany). N 2 was used as carrier gas and the 8 flow rate was 60 ml per min. The temperatures of the detector and the oven 9
were set as 143°C and 110°C, respectively. The amount of H 2 was calculated 10 according to the standard curve correlated with peak areas. dependent TTC reductase activity in the cell extracts was rapidly lost under 10 oxic conditions. The activity was also rapidly lost upon dilution. This loss could 11 be slowed down considerably by the addition of FAD at 5 µM concentration. 12 FMN could not substitute for FAD in this effect. But even under strictly anoxic 13 conditions and in the presence of FAD purification was difficult due to the 14 separation on chromatographic columns in two fractions, which had to be re-15 combined indicating that the enzyme was composed of at least two different 16 subunits which dissociated under the experimental conditions. 17
In the fractions with activity we identified two polypeptides via mass 18 nfnA of the nfnAB transcription unit was tagged with a 5´his 6 cassette. N-8
terminal His-tagging did not reduce inclusion body formation. Upon application 9 of the cell extract to the nickel agarose column NfnB was recovered in the flow 10 through fractions and only protein NfnA was retained which subsequently 11 could be eluted with imidazole. Almost the same results were obtained when 12 only nfnB of the nfnAB transcription unit was provided with a 3´-terminal his 6 -13 casette. 14 We therefore constructed a transcription vector in which nfnA carried a 15 5´ his 6 -cassette and nfnB a 3´his 6 -cassette. Both subunits of the recombinant 16 enzyme were now retained on nickel agarose and eluted with imidazole in one 17 broad activity peak containing NfnA and NfnB in an almost 1 to 1 ratio as 18 judged from a scan of the Coomassie brilliant blue stained SDS-PAGE gels. 19
The purified NfnAB complex had in the presence of NAD (Fig. 1 ). An analysis of the exact FAD 10 content was not possible because FAD had to be added to all the solutions for 11 the enzyme to retain activity. 12
→ Figure 2 13
We also reconstituted the FeS-clusters in purified NfnA and NfnB. After 14 removing the free iron and sulfur sources by ultrafiltration, NfnA was found to 15 contain about 1.7 mol Fe per mol protein and NfnB about 6 mol Fe per mol 16 protein which was less than predicted from the sequence (Fig. 1) . Only NfnB 17 contained bound FAD in detectable amounts. ). But even in the presence of 22 hydrogenase always some ferredoxin was reduced. Therefore, the specific 23 activity of ferredoxin-dependent NAD + reduction with NADPH could not be 24 determined accurately. The specific activity obtained was 8 U per mg protein 25 which is one third that expected from the stoichiometry of reaction 5. With the 1 assay it could be unambiguously shown, however, that in the absence of 2 ferredoxin NAD + was only very slowly reduced (<1% of the rate observed in 3 the presence of ferredoxin) ( Table 1) . 4
The NADH-dependent reduction of NADP + with reduced ferredoxin was 5 followed photometrically at 380 nm. Reduced ferredoxin was continuously 6 (Table 1) . 12
The purified enzyme complex catalyzed the reduction of benzyl (Fig. 3A) . 18
→ Figure 3 19
In order to determine the moles ferredoxin reduced per mol NADPH 20 oxidized (backward reaction 5), the moles ferredoxin reduced per mol NADPH 21 added in the presence of excess NAD + were determined. Ferredoxin reduction 22 was followed via the formation of H 2 in the presence of hydrogenase. 23 Approximately 0.5 moles H 2 were formed per mol NADPH added (Fig. 3B) . extinction coefficients at 380 nm (Fig. 4A) . As a control, using the same 7 method, it was shown that per mol NADP + added to the assay 1 mol of NADP + 8 was reduced by reduced ferredoxin and NADH (Fig. 4B) . 9
→ Figure 4 10
The observed stoichiometries were reproducible with different batches 11 of purified NfnAB and were independent of the specific activity after 12 reconstitution of the FeS-clusters. 13
DISCUSSION 14 15
The results clearly indicate that the cytoplasmic NfnAB complex from C. 16 kluyveri catalyzes reaction 5. The UV-visible spectrum of the complex (Fig. 2)  17 is indicative for an iron-sulfur flavoprotein that most probably harbors two 18
[4Fe4S] cluster, one [2Fe2S] cluster and two FAD per heterodimer (Fig. 1)  19 although the exact stoichiometry remains to be determined. Unfortunately, until now, the NfnAB complex could only be 4 reconstituted from heterologously produced NfnA and NfnB with very low 5 specific activity. Whereas heterologously produced NfnB contained FAD 6 bound after dialysis and showed some diaphorase activity with NADPH, NfnA 7 did not contain FAD bound and was essentially inactive. The diaphorase 8 activity of NfnB was much higher with NADPH than with NADH indicating that 9
NfnB harbors a NADP binding site. Desulfotomaculum. But the nfnAB genes are also found outside this group 6 e.g. in some Dictyoglomus, Bacteroides, Thermotoga, Pyrococcus, 7
Thermococcus and Methanosarcina species. NfnAB has been purified from P. 8 furiosus. The enzyme was first considered to be a sulfide dehydrogenase (15) (Fig. 6) . 22
→ Figure 6 23
When the concentrations of ethanol, acetate and butyrate are higher 24 than 1 mM and thus the free energy change allows for the synthesis of more 25 than 1.25 mol ATP, all that has to happen is that the percentage of reduced 1 ferredoxin re-oxidized in the RnfABCDEG catalyzed reaction is increased and 2 the percentage in the NfnAB catalyzed reaction is decreased (Fig. 6) . As a 3 consequence more NADH will be generated than oxidized during butyryl-CoA 4 formation from acetyl-CoA involving only NADP + -dependent ß-hydroxybutyryl-5
CoA dehydrogenase (Hbd1) as shown in Fig. 6 . Therefore, to balance the 6 NADH budget now the NAD + -dependent ß-hydroxybutyryl-CoA 7 dehydrogenase (Hbd2) has to become functional (not shown in Fig. 6 ). 8
How in C. kluyveri the energy and redox status is sensed and adjusted 9
is not yet known. Interestingly, the transcription unit nfnAB lies downstream of 10 five CDS for enzymes involved in butyric acid formation (Fig. 1) . These five 
